Using gene expression reporter vectors, we examined the activity of the spoIIE promoter in wild-type and spo0A-deleted strains of Clostridium acetobutylicum ATCC 824. In wild-type cells, the spoIIE promoter is active in a transient manner during late solventogenesis, but in strain SKO1, where the sporulation initiator spo0A is disrupted, no spoIIE promoter activity is detectable at any stage of growth. Strains 824(pMSpo) and 824(pASspo) were created to overexpress spoIIE and to decrease spoIIE expression via antisense RNA targeted against spoIIE, respectively. Some cultures of strains 824(pMSpo) degenerated during fermentations by losing the pSOL1 megaplasmid and hence did not produce the solvents ethanol, acetone, and butanol. The frequent degeneration event was shown to require an intact copy of spoIIE. Nondegenerate cultures of 824(pMSpo) exhibited normal growth and solvent production. Strain 824(pASspo) exhibited prolonged solventogenesis characterized by increased production of ethanol (225%), acetone (43%), and butanol (110%). Sporulation in strains harboring pASspo was significantly delayed, with sporulating cells exhibiting altered morphology. These results suggest that SpoIIE has no direct effect on the control of solventogenesis and that the changes in solvent production in spoIIE-downregulated cells are mediated by effects on the cell during sporulation.
The gram-positive, obligate anaerobe Clostridium acetobutylicum was used for the industrial production of the solvents acetone and butanol for over 60 years in the 20th century. With chemical synthesis of acetone and butanol proving significantly more economic, there are no reported industrial fermentation plants using C. acetobutylicum operational in the world today (11) . However, over the last 20 years, the genetics and biochemistry of C. acetobutylicum have been investigated in detail, as we try to understand and improve upon the processes that control the production of solvents.
The genes aad, ctfA, ctfB, and adc are required for solvent production and are located on a 192-kb megaplasmid designated pSOL1 (8, 27) . ctfA and ctfB code for a multifunctional coenzyme A (CoA) transferase, which transfers the CoA moiety from acetoacetyl-CoA to acetate or butyrate (40) . Subsequently, acetoacetate is decarboxylated to form acetone, and acetyl-CoA and butyryl-CoA are converted to ethanol and butanol, respectively, via an aldehyde intermediary (26) . For a detailed description of clostridial biochemistry, see the paper by Mitchell (26) . It has been shown that C. acetobutylicum can lose pSOL1, rendering the cells unable to produce solvents. Cells and strains that have lost pSOL1 are termed "degenerate" (8, 28) .
Whereas much is known about the biochemistry of C. acetobutylicum metabolism and the genes and proteins that catalyze these processes, relatively little is known about the genetic control of the expression of these genes. Recently, it was shown that a homologue to Bacillus subtilis stage 0 sporulation protein A (Spo0A) controls both the onset of solventogenesis and the process of sporulation in Clostridium beijerinckii and C. acetobutylicum (18, 31) In strain SKO1 of C. acetobutylicum, where spo0A is inactivated, acetone and butanol production are reduced to 2 and 8% of wild-type levels, respectively. Furthermore, SKO1 cells fail to sporulate and form extended filaments of conjoined rods, compared to the typical morphology of sporulating cells, which are swollen with developing endospores visible within (18) . Studies have also shown that there are a considerable number of likely homologues in C. acetobutylicum to sigma factors and other proteins required for sporulation in B. subtilis (29, 33) .
It appears that a cascade of sigma factors and stages similar to those involved in B. subtilis sporulation are present in C. acetobutylicum. The control of solventogenesis, which does not occur in B. subtilis, is genetically linked to the control of sporulation in C. acetobutylicum, as shown by the spo0A studies.
It has been suggested that solventogenesis and sporulation may be genetically uncoupled at some point during early sporulation (17) , although as yet there are no reports of any attempts to do so. If solventogenesis could be genetically separated from sporulation, this would serve as an interesting and important illustration of the complexity of bacterial genetic control. Additionally, it may prove useful in the bioengineering of strains of C. acetobutylicum for use in industry; e.g., a strain that could produce solvents but that would never sporulate would be ideal for large-scale continuous fermentations.
An attempt to inactivate the genes coding for the sigma factors E and F and the processing enzyme now designated SpoIIGA in C. acetobutylicum generated strains exhibiting a two-to threefold elevation of acetone and butanol production. The effects on sporulation were not reported (41) .
In B. subtilis, stage II sporulation protein E (SpoIIE) is a membrane-bound serine phosphatase that exhibits multiple functions. It is localized to the septum that forms between the mother cell and developing forespore during stage II of sporulation and is essential for this asymmetric division, through interactions with the cytokinetic protein FtsZ (4, 22) . The phosphatase activity of SpoIIE is required for the dephosphorylation of the anti-anti-sigma factor, SpoIIAA. In a dephosphorylated form, SpoIIAA binds the anti-sigma factor SpoI-IAB, which is no longer able to bind to and inhibit the sigma factor F . The liberated F in the forespore is now active, and the development of the spore continues (2, 12, 20) .
Sequence analysis of SpoIIE from B. subtilis reveals considerable homology to the eukaryotic protein serine/threonine phosphatase 2C (PP2C) family (5) . The N terminus of SpoIIE has 10 membrane-spanning domains, whereas the C terminus is cytoplasmic and forms the catalytic domain of the enzyme (3, 9) . A central, oligomerization domain is involved in the association of SpoIIE with FtsZ (13). PP2C-type phosphatases have been implicated in signaling cascades in animals, plants, yeasts, fungi, and bacteria (5) .
The gene designated CAC3205 in C. acetobutylicum has been identified as spoIIE (26; GenBank accession number NC_003030). Comparative hydropathy analysis revealed that the N terminus of SpoIIE in C. acetobutylicum likely forms a membrane-spanning domain similar to that in B. subtilis (2) . The C-terminal catalytic domain of SpoIIE in C. acetobutylicum also exhibits conservation of critical amino acids. The Asp-610 and Asp-628 residues have been shown to be conserved throughout a range of bacterial and eukaryotic PP2C-like phosphatases and form a metal ion binding pocket within the active site of human PP2C (9) . The two conserved regions surrounding the invariant Asp-746, Gly-747, and Asp-795 have also been identified in SpoIIE homologues and PP2C phosphatases in Schizosaccharomyces pombe, cows, mice, humans, and Arabidopsis thaliana. Mutation of these invariant residues to alanine also causes a severe decrease in sporulation efficiency in B. subtilis (1, 34) . All the invariant amino acids are conserved in the C. acetobutylicum homologue of SpoIIE.
We chose to investigate the role of SpoIIE in the control of solventogenesis and sporulation in C. acetobutylicum. Our initial studies focused on the activity of the spoIIE promoter, using a chloramphenicol acetyltransferase or ␤-galactosidase reporter system (7, 35, 36, 39) .
Having determined the expression profile of spoIIE, we transformed wild-type C. acetobutylicum with the spoIIE overexpression vector pMSpo or with the pASspo vector harboring an antisense RNA construct targeted against spoIIE. We examined the effects of spoIIE misexpression on solvent production, sporulation, and cell morphology.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used are listed in Table 1 .
Growth conditions. Escherichia coli was grown in Luria-Bertani medium aerobically at 37°C (25) . For recombinant strains, liquid or agar-solidified medium was appropriately supplemented with ampicillin (100 g/ml), erythromycin (200 g/ml), kanamycin (50 g/ml), or chloramphenicol (35 g/ml). Strains were stored at Ϫ80°C in medium supplemented with 50% glycerol.
C. acetobutylicum was grown in clostridial growth medium (CGM) with an initial glucose content of 50g/liter (ϳ280 mM) anaerobically at 37°C (19) . For recombinant strains, liquid or agar-solidified medium was appropriately supplemented with erythromycin (40 g/ml) or the chloramophenicol alternative thiamphenicol (25 g/ml). Strains were stored as horse serum-supplemented lyophilized stocks at room temperature or at Ϫ80°C in medium supplemented with 10% glycerol. For the sporulation and morphology assays, strains were grown on agar-solidified CBM supplemented with erythromycin (40 g/ml) anaerobically at 37°C (30) .
DNA isolation and manipulation. Plasmids were purified from E. coli by using the QIAprep Miniprep protocols. DNA was purified from agarose gels by using the QIAquick Gel Extraction kit, and PCR products or enzymatically manipulated DNA was purified by using the QIAquick PCR Purification kit (all from QIAGEN Inc., Valencia, Calif.). Plasmids were purified from C. acetobutylicum according to the protocol developed by Harris (16) . Genomic DNA was purified from C. acetobutylicum by using the Genomic DNA Purification kit from Puregene (Gentra Systems, Minneapolis, Minn.).
All commercial enzymes used in this study (Taq polymerase, restriction endonucleases, calf intestinal phosphatases, T4 DNA ligase, and the Klenow fragment 
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C. ACETOBUTYLICUM SpoIIEof DNA polymerase I) were used according to the manufacturers' recommendations. Automated DNA sequencing was performed by LoneStar automated DNA sequencing (LoneStar Laboratories Inc., Houston, Tex.).
Construction of reporter vectors pCATspo and pTLspo. The entire intergenic region upstream of the spoIIE open reading frame was amplified by PCR using primers incorporating terminal BamHI sites (shown underlined), spoprom (CC GGGATCCATCAACATCCCCAATCTATAAACC) and sporev (AGCGGAT CCACACTACCAAGTCAAGAAGCTTTCAC). The resulting ϳ0.25-kb fragment was ligated into BamHI-digested, dephosphorylated pCATP (33) to form vector pCATspo. The correct orientation of the spoIIE promoter upstream of catP in pCATspo was confirmed by automated DNA sequencing. pCATspo is shown in Fig. 1 .
Plasmid pSC12lacZ (43) was designed as a thiamphenicol-resistant reporter vector, but a prematurely truncated copy of lacZ was accidentally incorporated into the vector during its construction. pSC12lacZ was digested with PstI, treated with the Klenow fragment of DNA polymerase I, and then digested with BamHI. The 2.2-kb fragment containing the gram-positive and gram-negative origins of replication and the thiamphenicol resistance cassette CATP was purified. pHT3 (7, 36) was digested with NotI, treated with the Klenow fragment of DNA polymerase I, and then digested with BamHI. The 3.8-kb fragment containing the complete lacZ open reading frame was purified and ligated into the 2.2-kb fragment of pSC12lacZ to form pThilac. The spoIIE promoter fragment was excised from pCATspo, using BamHI and XhoI, and ligated into BamHI/XhoIdigested pThilac to form pTLspo.
Construction of vectors pMSpo, pMSpoD, and pASspo. Primers sporev and spofor (AGCGGATCCACATATTGATAACATCATTT ATCAACAAAA ACA) were used to amplify by PCR the entire spoIIE open reading frame including all upstream and downstream intergenic bases from C. acetobutylicum genomic DNA. The 2.7-kb PCR fragment was digested with BamHI and ligated into BamHI-digested pIMP1 (23) to form vector pMSpo. Vector pMSpo was digested with SphI and BbsI to excise a 1.4-kb fragment of the spoIIE open reading frame located 180 bp downstream from the spoIIE start codon. The remaining 6.1-kb fragment of pMSpo was treated with the Klenow fragment of DNA polymerase I and circularized to form pMSpoD.
The antisense vector targeted against spoIIE was designed according to the method of Desai and Papoutsakis (10, 37, 38) . Oligonucleotides spoastop and spoasbtm were diluted to a concentration of 0.5 g/l. Nine microliters of the spoastop and 9 l of the spoasbtm oligonucleotides were mixed with 2 l of 10ϫ STE buffer (100 mM Tris-HCl, 500 mM NaCl, 10 mM EDTA [pH 8.0]) and placed in a water bath set to 94°C. The water bath was allowed to cool to room temperature overnight, during which time the oligonucleotides annealed to form the antisense construct shown in Fig. 1 . Vector pSOS94 (GenBank accession number AY187685) was digested with BamHI and SfoI, and the 5.0-kb fragment was purified. This fragment was treated with the Klenow fragment of DNA polymerase I and circularized to form the control vector pASsos. The spoIIE antisense construct and the 5.0-kb fragment of pSOS94 were ligated through the BamHI cohesive ends, treated with the Klenow fragment of DNA polymerase I, and circularized to form vector pASspo. Correct construction of pASsos and pASspo was confirmed by automated sequencing using primer ASseq (TTACG AAGTAAATAAGTCTAGTGTGTTAGA), which hybridizes to pSOS94 between 148 and 118 bases upstream of the ptb promoter.
DNA transformation of C. acetobutylicum. Prior to transformation into C. acetobutylicum, plasmid DNA must be methylated by the ⌽3TI methyltransferase to prevent restriction by the clostridial endonuclease Cac824I (24) . Methylation was achieved by transformation of the required plasmid into E. coli DH10␤ harboring vector pDHKM (43) , which carries an active copy of the ⌽3TI methyltransferase gene. Electrotransformation of wild-type C. acetobutylicum or strain SKO1 was carried out according to the protocol developed by Mermelstein et al. (23) . Positive transformants were isolated on agar-solidified CGM supplemented with the appropriate antibiotic, and transformations were confirmed by plasmid DNA purification. In this article, wild-type transformants are designated 824 and SKO1 transformants are designated SK, with the transformed plasmid written in parentheses following 824 or SK. All vectors used harbor the OriII gram-positive origin of replication derived from plasmid pIM13, giving an expected copy number of eight plasmids per cell (21, 23) .
Batch fermentations of C. acetobutylicum. Single colonies of transformed C. acetobutylicum were grown in closed-cap batch fermentations of 100 ml of CGM supplemented with the appropriate antibiotic at 37°C in a Forma Scientific anaerobic chamber (Thermo Forma, Marietta, Ohio). To allow for differences in lag time following inoculation, zero hour (T 0 ) was determined when the culture had reached an optical density at 600 nm (OD 600 ) of 0.1. Fermentations were allowed to proceed for 120 h.
For cell growth and product formation assays, 1.5-ml samples were taken at the time points specified. Cell growth was quantified by measuring the OD 600 using a Beckman DU64 spectrophotometer external to the anaerobic chamber (Beckman Coulter, Inc., Fullerton, Calif.). Samples were then centrifuged at 16,000 ϫ g for 15 min at room temperature in a Sorvall Biofuge PICO (Kendro Laboratory Products, Newtown, Conn.), and the supernatant was collected. A 1-ml volume of supernatant was acidified with 20 l of 50% H 2 SO 4 , and a 5-l sample was injected into a Hewlett-Packard 5890 Series II gas chromatograph for solvent content analysis (Hewlett-Packard Company, Palo Alto, Calif.).
Degeneracy tests. To test whether strains of C. acetobutylicum had degraded and lost the pSOL1 plasmid, the activity of amylase was monitored. amyP, encoding ␣-amylase, is present on pSOL1 and hence would be lost if the cell degrades. This renders the cell unable to metabolize starch (18, 32) . After 24 h of growth in batch culture, 100-l samples of cell suspension were spread on three agar-solidified 2XYTGMA plates to test for ␣-amylase activity as previously described (18) . Approximately 200 individual colonies for each batch culture were examined on 2XYTGMA plates.
Samples of 10 ml were taken from the same cultures after 120 h of growth, and genomic DNA was extracted. The pSOL1 megaplasmid copurifies with the genomic DNA. PCRs were performed using the purified DNA as a template. Primers adhEleft (AATATAATAGGTTGGATAGATGAAC) and adhEright (TTTGTTAATTAAGAGATCTACCTTT), specific for adhE located on the pSOL1 megaplasmid, were used for PCR to confirm the presence or absence of pSOL1. Additionally, primers sinRfor (AGCGGATCCACATGTTATCAATCC ATTCCAT TAACATC) and sinRrev (AGCGGATCCACACAATTTCTTCGC CTCCCTATAC), specific for sinR located on the chromosome, were used for the control PCR.
Enzyme activity assays. To assay for chloramphenicol acetyltransferase (CAT) activity, samples of 5 ml were taken at the time points specified, the OD 600 was recorded, and the sample was prepared and assayed for CAT activity as previously described (35, 36) .
To assay for ␤-galactosidase activity, samples of 5 ml were taken at the time points specified and centrifuged at maximum speed at 4°C for 20 min in a Sorvall NT6000B centrifuge. Subsequent sample preparation and ␤-galactosidase activity assays were performed as previously described (37) .
To assay for the activity of the multifunctional CoA transferase (CoAT), 100-ml cultures of the wild type and strains 824(pASsos) and 824(pASspo) were grown until approximately 3 h after stationary phase was reached, as determined by OD 600 readings. A crude extract of CoAT was prepared, and CoAT activity was assayed according to the methods of Wiesenborn et al. (40) .
For all assays, enzyme specific activity was quantified as units of enzyme per milligram of protein extracted (6) .
Morphology and sporulation assay. Strains harboring pASsos and pASspo were grown simultaneously in liquid medium and transferred after 16 to 24 h of growth to CBM plates supplemented with erythromycin. At 24-, 48-, 72-, and 140-h intervals, cells were picked from the medium plates using a sterile toothpick and resuspended in 20 l of liquid CGM supplemented with 10% glycerol. Samples were frozen at Ϫ80°C until all samples had been collected. Previous freeze-thaw tests had confirmed that the freezing process had no effect on cell morphology.
A thawed cell sample of 2 l was mixed with 8 l of CGM on a glass FIG. 1. Antisense construct to spoIIE. The spoIIE antisense construct consists of oligonucleotide spoasastop (upper DNA strand) and spoasbtm (lower DNA strand). The single underlined GATC forms the 5Ј BamHI "sticky" end. The black-shaded region includes 38 bases of the spoIIE open reading frame followed by 16 bases of the upstream leader sequence, shown shaded in dark gray. The bold region forms the 17-base rhoindependent terminator region from an antisense RNA targeted against the glnA gene, found naturally in Clostridium saccharobutylicum NCP262 (10). microscope slide, allowed to dry, and heat fixed by passing briefly through a flame. A glass coverslip was sealed over the sample, and the cells were examined by conventional light microscopy at a magnification of ϫ1,000 using a Zeiss Axioplan II microscope fitted with a NeoFluar 100ϫ oil immersion objective lens (Carl Zeiss MicroImaging Inc., Thornwood, N.Y.). Cells were photographed with a CoolSnap H2 camera (Photometrics, Tucson, Ariz.) controlled by Metamorph software (Universal Imaging Corporation, Downington, Pa.).
RESULTS
Reporter vector assays of spoIIE expression. Acetone and butanol formation and CAT activity in strain 824(pCATspo) and CAT activity in the control strain 824(pCATP), are shown in Fig. 2 . The solvent profile for 824(pCATP) (data not shown) was very similar to that of 824(pCATP), indicating that the cultures of each strain were at similar stages of their life cycles when samples were taken.
CAT levels in 824(pCATspo) were detectable at a basal level of approximately 3 U of CAT/mg of protein. Between 42 and 54 h of growth, CAT expression increased at a uniform rate to a maximum of approximately 14 U of CAT/mg of protein at 54 h. Over the course of the next 24 h, CAT levels returned to their basal levels. These data show that the spoIIE promoter is active during mid-to late solventogenesis, which is the stage of growth where the cells are transitioning from vegetative growth to sporulation.
We were obligated to use the ␤-galactosidase reporter system, which utilizes a thiamphenicol resistance marker, to compare spoIIE expression in wild-type ATCC 824 and the SKO1 strain, because SKO1 is erythromycin resistant. In both control strains 824(pThilac) and SK(pThilac), ␤-galactosidase activity was less than 6 U/mg of protein in all samples (data not shown). In strain 824(pTLspo), ␤-galactosidase activity was detectable during late solventogenesis, reaching a maximum of ϳ250 U/mg of protein from 66 to 78 h of growth after T 0 . This was approximately 12 h later than the CAT activity maximum in 824(pCATspo). Additionally, ␤-galactosidase activity continued for over 48 h, whereas CAT activity lasted 30 h. These differences may be a reflection of the variability in growth of and the stability of proteins in C. acetobutylicum. ␤-Galactosidase activity in SK(pTLspo) was not different from that observed in the control strains and remained less than 1.3 U/mg of protein in all samples, indicating that spoIIE is not expressed in the spo0A mutant strain SKO1.
Product formation in fermentations of strains 824(pIMP1), 824(pMSpoD), and 824(pMSpo). In the control strain 824 (pIMP1) and strain 824(pMSpoD), there were no significant differences in product formation throughout the course of the 120-h fermentations. In fermentations of 824(pMSpo), individual cultures were found to be either solventogenic or nonsolventogenic, and data for 824(pMSpo) are therefore divided into those cultures which produced solvents, designated 824(pMSpo)ϩ, and those which did not, designated 824 (pMSpo)0. The data for product formation after 120 h of growth of strains 824(pIMP1) and 824(pMSpoD) and both solventogenic and nonsolventogenic populations of strain 824(pMSpo) are shown in Table 2 .
In cultures of 824(pIMP1), 824(pMSpoD), and 824(pMSpo)ϩ, product formation did not differ significantly between the strains. Acetone and butanol concentrations reached maximums of 25 to 27 mM and ϳ70 mM, respectively, which are typical for fermentations of this scale. After 120 h, most of the acetate and butyrate had been reassimilated into acetone and butanol, leaving final concentrations of 10 to 12 mM acetate and less than 5 mM butyrate. No ethanol, acetone, or butanol was produced in cultures of 824(pMSpo)0. This resulted in the accumulation of acids, and hence acetate and butyrate levels were elevated by ϳ33 and ϳ400%, respectively, after 120 h of growth.
All cultures were tested for degeneracy, using the ␣-amylase tests and PCR procedure described earlier. The proportion of colonies of 824(pIMP1), 824(pMSpoD), and 824(pMSpo)ϩ found to exhibit ␣-amylase activity was greater than 99.5%, compared to less than 0.5% of colonies from the cultures of 824(pMSpo)0. PCR tests confirmed that the pSOL1 megaplasmid was absent from all three cultures of 824(pMSpo)0. This high-frequency degeneration event correlated with the presence of an intact copy of the spoIIE open reading frame.
Product formation in fermentations of strains 824(pASsos) and 824(pASspo).
Growth and product formation in 120-h fermentations of strains 824(pASsos) and 824(pASspo) are shown in Fig. 3 . Cultures of 824(pASspo) grew significantly better than 824(pASsos), with a maximum OD 600 of ϳ6.5 compared to ϳ4.5 for the plasmid control strain observed after 36 to 48 h of growth. Maximum acetate concentrations in both strains were similar at ϳ40 mM after 24 h of growth. However, acetate levels decreased rapidly in 824(pASspo) as acetate was reassimilated, to a minimum of ϳ9 mM after 48 h of growth. Acetate production increased again after 48 h, which coincided with the concentration of acetone reaching a maximum of ϳ45 mM, a level at which it remained for the rest of the fermentation. This is 50% greater than the maximum acetone concentration of ϳ 30 mM observed in 824(pASsos) after 120 h of growth.
Butyrate production in both strains did not differ significantly, but this was not reflected in butanol production. In the control strain, butanol production followed a typical pattern, reaching a maximum of ϳ66 mM after 120 h of growth. 824(pASspo) exhibited a rapid increase in butanol production between 16 and 64 h of growth, after which time the concentration of butanol remained constant for the rest of the fermentation. A maximum butanol concentration of ϳ153 mM was recorded in 824(pASspo), which is a 132% increase compared to the control strain.
The activity of CoAT in the wild type was 0.092 Ϯ 0.003 U/mg of protein, whereas CoAT activity in both strains 824(pASsos) and 824(pASspo) was slightly lower, at 0.079 Ϯ 0.018 and 0.074 Ϯ 0.013 U/mg of protein, respectively.
Morphology and sporulation of strains 824(pASsos) and 824(pASspo). At 24 h of growth, cells of strains 824(pASsos) and 824(pASspo) were morphologically similar. Cells in all stages of division were visible, and in neither strain were sporulating cells observed. After 48 h of growth, many 824(pASspo) cells were observed in the process of dividing, whereas the majority of 824(pASsos) cells were single rods with the occasional sporulating cell identified, exhibiting a typical swollen, cigar-shaped morphology, with the developing spore clearly visible in the center of the cell. After 72 h, many 824(pASsos) cells were seen to be sporulating, but in cultures of 824(pASspo), single cells of the clostridial form were observed, with no sporulating cells identified. Additionally, some individual cells exhibited an abnormal morphology, such that they were elongated two-to threefold compared to the control (data not shown). Examination of several different cultures of 824(pASspo) indicated that these elongated cells are common and that they were not vegetative cells undergoing division that were misidentified.
After 140 h of growth, sporulating cells or free endospores dominated the 824(pASsos) culture, with very few vegetative cells observed. In contrast, very few sporulating cells were observed in cultures of 824(pASspo), with the majority of cells appearing to be in the clostridial growth state. Of those cells which were sporulating, some cells exhibited abnormal morphology. In strain 824(pASspo), many cells exhibited the typical swollen phenotype associated with spore production, but no developing spore could be observed within the cell. In other cells of strain 824(pASspo), the developing spore was present but was located at one pole of the cell, with the remainder of the cell being exceptionally elongated.
DISCUSSION
The data from the CAT and ␤-galactosidase assays of the spoIIE promoter constructs are in strong agreement with the timing and initiation of spoIIE transcription in B. subtilis (15, 42) . Expression from pCATspo transformed into wild-type cells is temporally restricted to mid-to late solventogenesis, at which time the cells are expected to be transitioning between solventogenic growth and the onset of sporulation. Expression from pTLspo transformed into wild-type cells is also observed during late solventogenesis, but no expression is detectable at any stage from pTLspo transformed into strain SKO1. As SKO1 is inactivated for spo0A, we can conclude that as in B. subtilis, spo0A is required for the correct expression of spoIIE in C. acetobutylicum (42) . These data do not show that expression spoIIE in C. acetobutylicum is directly controlled by spo0A, but we intend to use the pCATspo reporter system to further investigate regulatory elements within the spoIIE promoter.
The fermentation of strain 824(pMSpoD) did not differ significantly from that of the control strain 824(pIMP1). It can be concluded therefore that any differences in growth or product formation observed in strain 824(pMSpo) are due to the presence of an intact copy of spoIIE. Fermentations of strain 824(pMSpo) were either identical to the control strains, or they degenerated. The data presented from the fermentations of 824(pMSpoD) and 824(pMSpo) are typical of many time course assays performed. Degeneration was never observed in strain 824(pMSpoD), but degeneration was entirely unpredictable in strain 824(pMSpo). Growths of 824(pMSpo) where all, none, or a variable proportion of the cultures have degenerated have been observed. Interestingly, in cultures which do not degenerate, growth and product formation is not altered, suggesting that the overexpression of spoIIE does not directly affect solvent production and that the degeneration event is mediated through another means. In B. subtilis, it has been shown that the chromosome is translocated across the septum from the mother cell to the forespore during the early stages of sporulation, and this event may be responsible for establishing SpoIIE phosphatase activity in the forespore (14) . It is possible that the elevated expression of spoIIE may disrupt the correct translocation of genomic material in C. acetobutylicum and that this may lead to the loss of the pSOL1 megaplasmid. However, spoIIE expression is elevated only during sporulation and remained at basal levels during the exponential growth phase when normal cell division is occurring, and further work would be necessary to determine the exact mechanism by which the pSOL1 plasmid is lost in strains harboring plasmid pMSpo.
In strain 824(pASspo), cell optical density remains high throughout growth and solvent levels are significantly elevated. Microscopy showed that sporulation is delayed in this strain and also that cell morphology is affected by decreased expression of spoIIE. There is no significant difference in CoAT activity between the wild type, 824(pASsos), and 824(pASspo), suggesting that the molecular mechanism for elevated solvent production in strain 824(pASspo) is not due to increased activity of solventogenic enzymes. Based upon all these data, we propose the following model for the mode of action of SpoIIE in C. acetobutylicum.
SpoIIE does not directly affect solventogenesis but controls sporulation in a manner similar to that in B. subtilis. The spoIIE promoter assays show that spoIIE is transcribed long after solventogenesis has commenced, and nondegenerate cultures of 824(pMSpo) do not exhibit any changes in solventogenesis. The degeneration event itself does not directly control solventogenesis but indirectly through the loss of adhE, ctfA, ctfB, and adc on the pSOL1 plasmid (8) .
In strain 824(pASspo), the absence of SpoIIE causes sporulation to be blocked at stage II. As sporulation cannot proceed, the cell remains in a clostridial, solventogenic state, thus allowing solvent production to proceed for a longer time and for solvents to accumulate more rapidly and to a higher concentration. In this manner, decreased expression of spoIIE indirectly causes altered solvent production by extending the solventogenic growth phase. The misshaped sporulating cells of strain 824(pASspo) observed after 140 h of growth on CBM may reflect the integral membrane function of SpoIIE.
We have shown that the control of solventogenesis and sporulation can be genetically uncoupled in C. acetobutylicum. The genetic deletion of spo0A causes defects in both solvent production and sporulation, whereas antisense RNA to spoIIE causes defects solely in sporulation (18) . It seems likely that factors within the sporulation cascade between spo0A and spoIIE activation are responsible for the genetic separation of solventogenesis and sporulation. This presents an excellent opportunity for further investigation of how and where solventogenesis and sporulation may be separated in C. acetobutylicum.
From a bioengineering perspective, strain 824(pASspo) exhibits extremely high solvent production and may be suitable for development for industrial usage. We intend to examine strain 824(pASspo) under a variety of controlled conditions in a bioreactor to optimize performance.
